A new testing technique named advanced expansion due to compression (A-EDC) has been developed with an attempt to study the hoop mechanical behavior of Zircaloy-4 cladding under the pellet-cladding mechanical interaction (PCMI) and the presumed reactivity-initiated accident (RIA). The Zircaloy-4 used in this work showed elongated grains in the tube longitudinal direction, large amounts of residual strain, and crystallographic texture. The nite element method (FEM) analysis illustrates that the A-EDC test shows a uniaxial tension in the hoop direction, which has also been con rmed by experiments. In addition, the hoop stress-strain curve has been derived at room temperature by the A-EDC tests. Moreover, the fractured surface has been observed in this research.
Introduction
Zirconium based alloys have widely used in nuclear power plants as key structural materials on account of their outstanding merits, such as low thermal neutron capture cross section, excellent corrosion behavior and acceptable mechanical properties. 1, 2) If immerged into the aggressive coolant environment for a long time, cladding tubes are gradually degraded because of the corrosion reaction: Zr + 2H 2 O → ZrO 2 + 2H 2 , which results in the formation of oxide layer on the tube surface and hydrides in the tube interior. In some presumed accident scenarios, such as the early heat-up stage of RIA, PCMI will occur and may impose a level of stress on cladding materials. 3) Once the stress exceeded the mechanical property criteria, cladding tubes will fracture and leak radioactive materials.
Generally, the fuel cladding tubes have large enough size for mechanical tests in the longitudinal direction, for instance, the uniaxial tension tests. On the contrary, the size in the tube hoop direction is quite limited (merely 8-25 mm for outer diameter). It is necessary to design appropriate testing methods for investigating the stress-strain condition in the case of PCMI-induced failure. Until now, various of mechanical tests have been developed, including burst test 4, 5) and ring compression 6, 7) . Whereas these testing methods either have some shortages in appropriately simulating the PCMI in reactor, or some of them seem to be unable to achieve a de nite stressstrain state. Among these mechanical test techniques, a conventional expansion due to compression (EDC) test was initially proposed with an object to measure the tangential expandability of beryllium tube. 8) Afterwards, the application of EDC test has been gradually adjusted and extended to the research eld of nuclear fuel tubes, where axial compression of a polymer pellet inserted into tested cladding was conducted between a pair of pistons and the hoop expansion of inner pellet would lead to the failure of cladding. However, the conventional EDC is not well t to accurately deduce the stressstrain relation up to severe deformation. There are dif culties in achieving reliable yield strength (YS) and ultimate tensile strength (UTS) due to the friction problems on the piston-pellet interface and piston-cladding interface. 9) On one hand, compression the pistons will make the Te on inner pellet dense, so the friction between piston and pellet is variable, resulting in uncertain friction problem. On the other hand, in the condition of severe deformation, the clearance gap between pistons and specimen will cause leakage of inner pellet materials (Te on), which also leads to the uncertainty of friction. Also, the size of the EDC test samples is too large for irradiation experiments, such as in materials testing reactors (MTRs). Moreover, at high temperature, since the softening and melting points of Te on are 393 K and 600 K, respectively, the EDC test is not applicable.
In order to obtain mechanical property in hoop direction and further study the PCMI experimentally, the new method named A-EDC test has been developed based on some modications of the conventional EDC test. 10) In the modi cations, the inner llers were replaced by metallic pellets, and the cladding tube size was reduced to optimize the stressstrain state for PCMI. The reduction of specimen volume also offered the bene t that the future neutron and ions irradiation experiments became more feasible. Based on the above background, this paper is organized as follows. Firstly, the microstructure of Zircaloy-4 will be examined. Then, the stressstrain state will be analyzed by both the FEM and experiments. Through A-EDC tests, the mechanical property of Zircaloy-4, especially the hoop stress-strain relation, will be studied. Lastly, the fractured surface will be observed by scanning electron miscopy (SEM).
Experimental Procedure
Figure 1(a) shows the coordinate system of cladding tube composed of radial (r), hoop (θ), and axial (z) directions. Figure 1(b) provides a schematic drawing of A-EDC test report-ed in the previous research 10) . In this con guration, commercially available pure Cu was set as an inner pellet (called IP), sandwiched between a pair of rigid bodies made of yttria-stabilized zirconia (YSZ). The initial diameter of Cu was 10 mm, and then reduced to 8 mm by ne machining with a nal height of 8 mm. The Zircaloy-4 (Zr-1.3Sn-0.2Fe-0.1Cr) cladding was in a cold-worked and stress-relieved (CWSR) state. It had an inner diameter (ID) of 8.3 mm and an outer diameter (OD) of 9.5 mm. The tube was cut into the ring-shaped specimen and grinded to 1 mm in width nally. A solid boron nitride lubricant was smeared on the surface of Cu to minimize the friction between Cu and specimen.
In the compression test at room temperature (RT), Shimadzu AG-100KNX plus was utilized, and both the height displacement and the diameter expansion of specimen were monitored and recorded by a laser measurer, Keyence TM-3000. On one side, this device applied a set of parallel laser light to illuminates the Cu inner pellet, specimen and rigid bodies. On the other side, there was a CMOS image sensor to receive the laser light and form the projected image. On the image, one could set the regions of interest (or the measured region). The maximum length/outer diameter (OD) would be recorded every 50 ms. Thus, the hoop strain has been de ned by
where ε θi is the hoop strain at time t i ; ΔOD i means the increment of outer diameter at time t i ; ΔOD o represents the initial outer diameter (9.5 mm in this work). The compression strain rate was 6.25 × 10
, which was equivalent to 2.0 4.5 × 10 −4 s −1 as the hoop strain rate of the specimen. The solo compression of Cu inner pellet was conducted. Meanwhile, another Cu inner pellet compression was carried out with specimen in the A-EDC test.
The microstructure of Zircaloy-4 was analyzed through electron backscatter diffraction (EBSD) technique. The sample for EBSD detection was electro-polished in a mixed solution of 10% perchloric acid, 20% butyl cellosolve, and 70% methanol (vol%) at −25 C and 10 V. The scanning rate of electron beam was 0.2 μm/s during EBSD experiment. The fractured surface was observed by SEM. Figure 2 shows the inverse pole gure (IPF) and pole gure (PF) of (0001) α-Zr in Zircaloy-4, respectively. In Fig. 2(a) , there are some color gradients inside an individual grain that indicate a large amount of residual strains as a result of stress relieved annealing. Besides, the grains are elongated in the tubular z axis during manufacturing process as demonstrated by the elongated grain boundary (the black solid curve). Figure 2 (b) presents the (0001) α-Zr pole gure. A strong texture has been observed with the basal poles dominantly aligned in the radial direction with a split of ±(15 -30 ) in the radial direction. This textured microstructure of cladding can be controlled by the Q factor [11] [12] [13] , which equals to R w /R D , where R w represents the reduction of tube wall thickness and R D is the diameter reduction. In this research, Q > 1 should be applied in the production process in view of the distribution of (0001) α-Zr . poles. Kearns factor (f) 14, 15) has been developed with an attempt to quantitatively describe the effective fractions of resolving (0001) α-Zr poles distributed in each of the three tube principle directions: r, z, and θ directions. For the isotropic materials, their basal poles have equal distributions in three principle directions. However, the Kearns factors of Zircaloy-4 are 0.7 in r direction, 0.25 in θ direction and 0.05 in z direction, respectively. Besides, this result was in a good accordance with the basal pole gure. Figure 3 shows the misorientation evolution in an individual grain interior from p1 to p2 on the linear route as denoted by the dash line in Fig. 2(a) . Since the Zircaloy-4 is in a CWSR state, even inside one grain, there is signi cantly large dislocation density. The dislocation contributes to the augment of divergences of crystal orientations, resulting in large misorientation degrees. In the investigation, the p1 was set to be the original point, and p2 was approximate 10 μm away from it. Owing to the plastic deformations and accumulative strains, an obvious increment of 20 misorientation degrees was found between p1 and p2. The insets in Fig. 3 also vividly illustrate the crystal orientations difference between the unit cells in p1 and p2, respectively. During the cold rolling, even the plastic deformation may seem to be homogeneous macroscopically, the inhomogeneous stain gradient can still exist between two grains and even inside a grain. 16, 17) 3.2 Stress-strain relation 3.2.1 ε z /ε θ ratio and σ z /σ θ ratio in A-EDC test
Experimental Results and Discussion

Microstructure of Zircaloy-4
The FEM simulation of the A-EDC test has been conducted by H. Abe et al. 10) In the FEM simulation work, ANSYS workbench ver. 14.5 has been utilized for the 2D axial symmetry model. The mesh size for the specimen is 0.025 mm, and for the Cu inner pellet, it is 0.05 mm. The validity of the stress state was veri ed by simulation of the normal operation condition of the fuel using the FEMAXI-7 code 18) . In the AN-SYS workbench simulation, the remote dispalcement boudary condition has been used to guide the vertical displacement of rigid body from 0 mm to 1.5 mm, in order to compress the inner pellet. The contact type between rigid body and pellet was set to be rough. The contact type between pellet and specimen was frictional with the friction coef cient of 0.05. For the rigid body-pellet and pellet-specimen contacted surfaces, the augmented Lagrange method has been applied as the contact formulartion. Figure 4 (a) depicts the geometry system of A-EDC FEM simulation. For simpli cation, three typical positions named ID, MD, and OD, have been picked out for further analysis. In Fig. 4(b) and (c) , if the pellet-cladding friction coef cient is assumed to be 0.05, the nite element method (FEM) analysis of the A-EDC test has revealed that the strain ratio of ε z / ε θ uctuates slightly around −0.5, and the stress ratio of σ z / σ θ remains nearly zero, which is close to the uniaxial tension requirments. 9, 10) In the comparison, the FEM of conventional EDC test shows that its strain ratio is around −0.5, but the stress ratio ranges from −0.25 to 0.2 9, 19) , which is probably ascribed to the variable friction on the pellet-cladding contact surface. Figure 5 shows load-hoop strain and load-height displacement curves, where the hoop strain and height displacement belong to the cladding specimen and Cu inner pellet, respectively. In order to calculate the work consumed in specimen expansion, two separate tests should be performed. One is the solo Cu pellet compression, and the result has been indicated in the gure as IP. Another is carried out with a specimen around Cu inner pellet. The cross marks in the gure mean fracture of Zircaloy-4 specimen. There is a drop appeared at 0.5 mm of height displacement in the load curve due to the removal of a jig manually when the plastic deformation of Fig. 3 Misorientation evolution from p1 to p2 inside one grain. p1 was set as original, and p2 was 10 μm away from it. Fig. 4 (a) system of A-EDC simulation; Comparison of (b) ε z /ε θ ratio and (c) σ z /σ θ ratio in A-EDC and EDC 9, 19) tests derived from FEM analysis; ID-Inner diameter; MD-Middle diameter; OD-Outer diameter. the inner pellet fairly xed the position of the ring-shaped specimen. At the initial region (hoop strain < 3%), the pro les of Cu inner pellets with and without specimen are not strongly affected by the specimen. This has been con rmed by the reference 10) . The difference between load curves of IP and A-EDC, as shown in the bottom gure, is equivalent to the energy consumed by specimen expansion. In the severe deformation region, the main concerns in this work are the cladding tubes performance under PCMI such as the strain at fracture.
Hoop stress-strain relation derived from A-EDC tests
From the A-EDC experimental data, hoop stress-strain curves have been derived as shown in Fig. 6(a) . Figure 6(b) shows the hoop strain vs time relation curve in tests 1. In the test, the hoop strain did not keep a constant. At the early stage, the hoop strain rate was 2 × 10
. At the nal stage before fracture, the hoop strain was approximately 4 × 10 −4 s −1
. Table 1 summaries the results of independent 4 tests of Zircaloy-4 by A-EDC tests. The Young s modulus is 101 GPa; the 0.2% yield stress is 836 MPa; the ultimate yield stress is 1037 MPa; the maximum strain at fracture was 0.12 on average. There are 3 5 portions of necking observed in the specimens. Apparently, with the increment of necking portions, the maximum hoop strain exhibits a growth tendency in general. The strain ratio ε z /ε θ is about −0.41, and the stress ratio σ z /σ θ is zero in A-EDC tests, which present good agreement with the FEM simulation in Fig. 4(b) and (c). Figure 7 shows the observation of fractured surfaces in Zircaloy-4 after A-EDC tests. The overall view of fracture has been presented in Fig. 7(a) . It exhibits a typical characteristic of about 45 for ductile materials in the tube z direction where shear stress reaches a maximum value. In Fig. 7(b) , the fractured surface has been divided into three regions, named R1, R2 and R3. For R1 and R3, there are numerous ne dimples with a smeared feature which is supposed to be the reason of shear stress when necking occurs. 20) In addition, large quantities of ne dimples are distributed in the plateau region R2. Figure 7 (c) shows the magni ed view of one portion in R2, from which some tearing ridges and ne dimples are indicated by arrows. In the RIA case, the strain biaxiality ratio (ε z / ε θ ) is close to 1 and the failure is triggered by through-thickness crack. M. Yamawaki s work 21) conducted research on the irradiated cladding tubes under the simulated RIA case. The results demonstrates that for the cladding tube failure, many incipient cracks vertically penetrate the brittle outer surface at the initial stage, and then one of them will propagate along nearly 45 to the inner surface. Differently, the fracture of Zircaloy-4 in the A-EDC test exhibits that the crack plane propagates in the z direction, which is probably caused by mutual in uence of different stress-strain conditions and material microstructures (as received one and corroded-irradiated one). Table 2 summarized the mechanical properties of stress relieved Zircaloy-4 cladding tubes. All of these tests provide the mechanical properties in the tube hoop direction. It is evident that the A-EDC test has supplied more detailed mechanical properties than the others. Meanwhile, some slight disparities can still be observed. 6, [22] [23] [24] [25] [26] Experimentally, the A-EDC test can achieve a stable uniaxial tension condition in the hoop direction throughout the test. For the other tests, some of them are unable to derive stress-strain relation by experiments. The only approach is using simulation methods in which the appropriateness of input parameters for simulation should be cautious because of the insuf cient mechanical properties parameters in anisotropic Zircaloy-4 cladding tubes (e.g. the conventional EDC). Furthermore, some tests can only maintain a uniform stress-strain state at the early stage but fail later for stress gradient (e.g. the ring tension).
Fractographic observations
Discussion
The anisotropic behavior of cladding is very common for zirconium based cladding tubes due to the combined effect of hexagonal closed packing (HCP) crystal structure and cold rolling process. In the A-EDC test, the plastic anisotropy of cladding tube has been investigated. The parameter, R, is de- duced in the hoop direction, which is de ned as follows 13, [27] [28] [29] :
where ε z and ε r are the width and thickness strains, respectively. In this work, the value of R is about 1.6, which is larger than 1, implying that wall-through slip is more dif cult than the slip across cladding width. This can be identi ed by the necking along tube z axis. In the previous studies, the parameter R values are found to be 1.3 tested in the axial direction 30 ) and 2.3 tested in the hoop direction 29) for unirradiated Zircaloy-4. On the contrary, it has been proved that the yield condition of irradiated nuclear fuel cladding is similar to those of isotropic materials, which illustrates that irradiation can reduce the anisotropic behavior of cladding tubes. 31) 
Conclusions
The mechanical property of Zircaloy-4 in the hoop direction has been studied by the newly developed A-EDC tests. Based on the experimental data and fracture observation, the main conclusions in this research can be summarized as follows: (1) The microstructure of Zircaloy-4 used in this work shows a strong anisotropic microstructure accompanied by a strong density of (0001) α-Zr pole in the tube radial direction. (2) The A-EDC test in this work can attain a uniaxial tension condition, where the ε z /ε θ ratio is close to −0.5 and the σ z /σ θ ratio is 0. This has been veri ed through both the FEM analysis and experiments. Moreover, the A-EDC test is able to provide more information of mechanical properties than the other tests; (3) The fracture behavior in A-EDC test is different from that in RIA case, which can be attributed to the combined effects of different stress strain states and material microstructures. The anisotropic mechanical behavior of stress relieved Zircaloy-4 has been con rmed in the A-EDC tests.
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